Here we report a new method for measuring the heterogeneous chemistry of submicron organic aerosol particles using a continuous flow stirred tank reactor. This approach is designed to quantify the real time heterogeneous kinetics, using a relative rate 
I. INTRODUCTION
Organic material is a major component of atmospheric aerosols, accounting for 20 -90% of the aerosol mass in the lower troposphere.
1, 2 The oxidation of organic aerosols, a process also known as aging, can modify the physical and chemical properties of aerosols, which can in turn influence climate, the hydrologic cycle, visibility and human health. [3] [4] [5] [6] [7] Many fundamental aspects of heterogeneous aging are still not well understood. Thus, quantifying the oxidation rate of organic aerosol particles over a range of oxidant concentrations and reaction timescales is imperative to obtain a better understanding of the transformation mechanisms of atmospheric particles and to better assess the overall chemical role that organic aerosols play in the atmosphere.
Laboratory studies of organic aerosol aging primarily focus on the oxidation of simple organic particles or model systems to better understand the fundamental mechanisms that control the heterogeneous chemistry of more complex ambient aerosols. Many of these studies use flow tubes, [8] [9] [10] [11] [12] [13] [14] [15] where high oxidant levels are required to measure heterogeneous kinetics in short reaction times. The short timescales (typically ranging from a few seconds to minutes) and high oxidant concentrations in flowtube experiments could be problematic for diffusion-limited reactions since particles may not be well mixed during such short reaction times. 16 Furthermore, secondary chemical reactions can take place within the particle itself and become competitive with the heterogeneous reaction rate only at low oxidant concentrations. 39 This could lead to situations in which the reaction time and the oxidant concentration are not linearly related quantities. Thus, it remains unclear how well these flow tube laboratory conditions mimic the real atmosphere where particles are exposed to much lower oxidant concentrations for long timescales -days to weeks. It is therefore important to develop new experimental methods to 3 examine chemical aging mechanisms over longer timescales using lower oxidant concentrations to better understand how experimental results obtained from flow tube measurements relate to the real atmosphere.
In the atmosphere hydroxyl radicals (OH) ([OH] ~ 1 x 10 6 molec·cm -3 ) are expected to play a central role in the aging processes of organic aerosols. 17 Heterogeneous reactions are quantified by the reactive uptake coefficient, γ, which is generally defined as the fraction of OH collisions with a particle that yield a reaction. The heterogeneous oxidation of organic compounds by OH in the presence of O 2 has been found to be highly efficient. For example, Esteve et al. used a relative rate kinetic method to examine the heterogeneous reactions of NO 2 and OH radicals with polycyclic aromatic hydrocarbons (PAH) adsorbed on diesel particles. 15 They concluded that the reactions with OH were approximately four orders of magnitude faster than with NO 2 . Bertram et at., 11 Molina et al. 14 and Park et al. 18 measured the reactive uptake of OH onto various organic monolayers and surfaces in a flow tube. By measuring the gas phase loss of OH they found that γ is greater than 0.1. Using a molecular beam scattering technique, Bagot et al. 2008 measured an uptake coefficient of γ = 0.49 ± 0.04 by colliding superthermal OH radicals with a liquid squalane surface. 19 Rather than measuring the gas phase loss of OH, the reactive uptake coefficient can be quantified by monitoring the removal of an organic molecule in the particle phase. For example,
McNeill et. al. reported an uptake coefficient of ~ 0.8 -1 by measuring the decay of palmitic acid in submicron aerosols. 10 Similarly, George et al. found a value of 1.3 ± 0.4 for the reactive uptake of OH by bis(2-ethylhexyl) sebacate (BES) particles. 9 OH concentrations in these experiments were in the range of 10 9 to 10 11 molec·cm -3 and the reaction times were on the order of a few minutes. Lambe et al. used a smog chamber to study the OH oxidation of hexacosane 4 particles at low OH concentrations (4 -8 x 10 6 molec·cm -3 ) over experimental timescales of several hours. 20 They reported a reactive uptake coefficient of 1.04 ± 0.21.
This paper outlines a new method for measuring the heterogeneous chemistry of organic aerosol particles using a continuous flow stirred tank reactor (CFSTR) at lower OH concentrations than typically used in flow tubes. The main feature of the CFSTR is that the volumetric flow entering and exiting the chamber is balanced and the contents of the chamber are well mixed to produce stable reaction conditions over many hours, even days. The CFSTR has been previously used to study aerosol formation [21] [22] [23] as well as gas phase reactions. 24, 25 Fewer studies have applied CFSTR's to heterogeneous reactions on aerosol particles. 26, 27 In these previous studies, the rate of a heterogeneous or homogeneous reaction inside a CFSTR was obtained by measuring the difference between the reactant concentrations entering and exiting the reaction volume divided by the residence time, once the CFSTR has reached steady state. 26, 27 In this paper, the photochemical evolution of aerosol particles within a CFSTR is studied in real time by monitoring the removal of particle phase reactant molecules. The mathematical framework needed to quantify the heterogeneous kinetics is developed and applied to the oxidative aging of squalane aerosol by OH in the presence of O 2 . Squalane (C 30 H 62 ) is a saturated branched alkane and a good proxy for long chain molecules often found in ambient aerosol particles. In addition, squalane particles are liquid at room temperature and thus spherical, which simplifies the reactive uptake coefficient analysis. By monitoring the particlephase chemical composition as a function of reaction time using a vacuum ultraviolet time-offlight aerosol mass spectrometer (VUV-AMS), the reactive uptake coefficient of OH by squalane particles is measured at OH concentrations of 1 -7 x 10 8 molec·cm -3 . Furthermore, a general analytical expression is formulated to describe the real time sequential evolution of particle-5 phase reaction products in the CFSTR that are formed by the heterogeneous reaction of squalane by OH in the presence of O 2 .
II. EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 1 . The apparatus includes a particle generation system, a CFSTR, and an instrumental analysis system. Squalane particles are generated via homogeneous nucleation by passing 0.35 slm (standard liter per minute) of N 2 gas through a Pyrex tube containing squalane (Acros Organics, 99%) housed inside a cylindrical oven (Carbolite). The oven temperature is fixed at 125 ○ C but can be adjusted to control the particle number and mean size. The particle flow is then passed through an activated charcoal filter to remove any residual gas phase organic compounds that may be produced in the oven. The relative humidity of the flow is fixed at 30% by mixing it with 0.3 slm of N 2 which has passed through a water bubbler. Additional flows of 0.285 slm dry N 2 , 0.05 slm O 2 and 0.015 slm hexane (5 ppm in N 2 ) are also added, yielding a total flow rate of 1 slm into the CFSTR. The final concentration of hexane entering the CFSTR is ~75-125 ppb. Here hexane is used to determine the OH concentration using a relative rate method described below.
The 1 slm humidified flow is introduced into a Teflon-lined, ~150 L, stainless-steel chamber through a diffuser mounted on an inlet (0.635 cm in diameter) located at the top of the chamber. This CFSTR operates at atmospheric pressure and room temperature (25 The experiment consists of two parts: (1) the fill and (2) reaction steps. In order to quantify the heterogeneous kinetics of OH with squalane, first the fill kinetics of the CFSTR is measured in the absence of chemistry. To do this the CFSTR is purged with N 2 (~ 5 slm) for a few hours to eliminate residual particles and hexane from the previous reaction. The empty chamber is then filled with hexane and squalane with the UV lamps off. This step is critical for quantifying the fill kinetics as detailed in section IIIA. After the filling period, which usually takes ~ 2-3 hr, the UV lamps are turned on to initiate the reaction where both the heterogeneous chemistry and the flow dynamics govern the temporal evolution of reactants and products in the CFSTR as detailed in section IIIB.
The 1 slm flow exits the CFSTR at the bottom of the chamber and is directed to three instruments: a gas chromatograph with a flame ionization detector (GC-FID, SRI 8610C) for OH quantification, a scanning mobility particle sizer (SMPS, TSI 3936) for obtaining the particle Particle size distributions are monitored using a SMPS system, which consists of a differential mobility analyzer (DMA, TSI 3081) and a condensation particle counter (CPC, TSI 3772). The ratio of sheath to sample flow rates in the DMA is 10:1. Before each experiment the aerosol flow is directed around the CFSTR and sent directly to the SMPS to confirm that the particle size distribution and number density of the aerosol particles emanating from the nucleator is stable before starting to fill the chamber with particles. At the end of the filling step, the mean surface area-weighted particle size exiting the chamber is typically ~ 220 ± 20 nm.
OH is quantified using a relative rate technique similar to the methods described in previous publications. 15, 29, 30 The OH concentration is computed from the time dependent decay of hexane, which is monitored by the GC-FID. For this measurement, the outflow of hexane is pre-concentrated in a Tenax TM -GR adsorbent trap for 3 minutes after which hexane is thermally desorbed and injected onto the GC column. This pre-concentration step improves the detection limit of the GC to allow the use of small amounts of hexane (~ 75-125 ppb) to avoid possible interferences with the main reaction of particles with OH. Hexane is chosen as the reference compound since its rate coefficient with OH is well known 29, 31, 32 and the GC-FID responds well to this hydrocarbon.
The composition of condensed-phase squalane and its reaction products are measured using the VUV-AMS located at the Chemical Dynamics Beamline (Beamline 9.0.2) at the Advanced Light Source (ALS) (Lawrence Berkeley National Laboratory, Berkeley, CA). In this 8 AMS the particles are thermally vaporized at ~100°C after which the chemical composition is measured using vacuum ultraviolet (VUV) photoionization mass spectrometry. A detailed description of the AMS can be found elsewhere. 33 Unlike 70 eV electron impact ionization where many small fragments are formed when squalane is ionized, VUV photoionization preserves the molecular ion peaks in the mass spectra. Fig. 2 shows the 10.5 eV photoionization mass spectra of squalane particles before and after reaction with OH. For the kinetic measurements, detailed later, the decay of squalane (Sq) within the particles is monitored as a function of reaction time using the m/z = 422 molecular ion peak. As an additional check of possible interferences in the mass spectra, the largest squalane fragment ion at m/z = 238 is also monitored to obtain the decay kinetics. It is found that both the squalane fragment peak and the 
III. RESULTS AND DISCUSSION

A. Fill Kinetics in a CFSTR
The mathematics that describe the behavior of the CFSTR are well established. 34 The time dependent change in particle concentration (i.e. squalane) in a CFSTR in the absence of a chemical reaction is:
where F is the flow rate entering and exiting the chamber (1 slm). C Sq is the spatially averaged concentration of squalane (i.e. squalane molecules per volume of gas) at the entrance inlet, V is the chamber's volume (~150 L), t is the filling time (sec) and [Sq] is the concentration of squalane (squalane molecules per volume of gas) inside the chamber.
Sq w k is the first order wall loss rate coefficient (sec -1 ). 23 It is important to distinguish C Sq from [Sq] . C Sq is the particle-phase squalane concentration in the flow entering the chamber and is therefore constant. Conversely,
[Sq] is the particle-phase squalane concentration inside the chamber, which is time dependent. In Eq.
(1), the first term represents the concentration of squalane entering the chamber, the second term refers to the concentration of squalane exiting the reactor while the last term accounts for particle loss to the chamber wall. Solving Eq (1) for the particle-phase squalane concentration as a function of fill time ([Sq] fill ) yields,
where Sq f k = Sq w k + F/V is the rate constant for the particle filling process. An equivalent expression for the time dependent change of gas-phase hexane concentration during the filling process ([Hex] fill ) can also be derived using the same approach:
where the terms in Eq. (3) According to Eqs. (2) and (3), it would take ~15 hr under our conditions (F = 1 slm) for the particle and hexane concentrations exiting the CFSTR to reach 99.9% of the inlet concentration. However, it is not necessary to wait until the reactor is full (i.e. the squalane and hexane concentrations entering and exiting the reactor, respectively, are equal) before starting the reaction. This is because the most important quantities to be determined during the fill phase are ways. For example, Guo and Kamens described a similar CFSTR method where they, in effect, obtained the rate coefficients using the offset in Eq. (2). 26 To reliably determine k f in this way requires the concentrations in the CFSTR to reach steady state which can take many hours.
Similarly, obtaining the fill rate constants from the amplitude of the exponential in Eq. (2) also requires long equilibration times for a large chamber. Moreover, obtaining fill rate coefficients using the amplitude or offset requires reliable and precise measurements of the absolute values of F, C Sq , C hex , and V, which may not always be possible. Furthermore, uncertainties in the absolute concentrations of hexane or squalane, the chamber volume or flow rate all translate into substantial errors in determining k f .
For these reasons, it was found that the simplest and most accurate way to extract k is from the rate constant in the exponential fitting function. Fig. 3 shows the increase in the hexane peak area (measured by the GC) and squalane mass concentration (measured by the 11 SMPS) as a function of fill time, starting with an empty reactor. For convenience, the SMPS is used to monitor the change in particle mass (using the density of squalane: 0.8 g·cm -3 ) in the CFSTR during the fill period instead of the VUV-AMS. Previous checks confirmed that the unreacted squalane ion signal (m/z = 422) in the VUV-AMS is proportional to the total volume distribution measured by the SMPS, so that the fill kinetics can be measured with either device.
The data, shown in Fig. 3 , are fit to the exponential form represented by Eqs. (2) and (3). the same composition as the contents of the chamber. Therefore, the CFSTR described here can be reliably modeled as an idealized mixed flow reactor using Eq. (1). This was further confirmed by turning off the impeller, which resulted in poor mixing and non-exponential hexane and squalane fill kinetics.
B. Heterogeneous Reactions in a CFSTR
After a satisfactory filling time (~ 2 -3 hr), both UV lamps are turned on to initiate the chemical reaction. If molecules within a particle are well-mixed, then the fraction of squalane within the surface region of the particle is equivalent to that of the bulk. Previously, we examined the reaction of squalane + OH under flow tube conditions (high OH concentration and short reaction time) and found strong evidence that the particles were indeed well mixed. 28 Therefore, an expression equivalent to Eq. (4) can be written for the reaction of OH with the squalane aerosol.
The 
The time evolution of the normalized hexane signal can also be found using the same approach:
Eqs. (7) and (8) have the same functional form for the time evolution of both hexane and squalane in the CFSTR. At first glance this might seem surprising since OH reacts heterogeneously with squalane and homogeneously with gas phase hexane. Levenspiel 35 explicitly considered this and derived the reaction rate and product conversion expressions for a variety of reactor types when suspended aggregates (i.e. aerosols) are present in the reactor volume. The "degree of aggregation" (e.g. aerosols) was found not to change the expression for the reaction rate and product conversion in idealized batch and plug flow reactors. In this case, 14 heterogeneous reactions are treated mathematically in the same way as a homogeneous reaction in a gas or liquid. This is because each small aggregate or particle can be treated, in essence, as a tiny idealized batch reactor. He found for mixed flow reactors, such as the CFSTR described here, that this is not necessarily true and in some cases the "degree of aggregation" leads to a different mathematical expression for the reaction rate in a CFSTR. However, as shown by Levelspiel, 35 first order reactions involving aggregates in a CFSTR are a special case and can be treated in the same way as a first order homogeneous gas or liquid phase reactions as is done
here. This mathematical equivalence, however, does not necessarily hold for zero or second order reactions for example. Since [OH] is constant and the particle phase is well-mixed, the rate of reaction can be expressed as pseudo-first order with respect to squalane. This in turn yields an overall expression for the evolution of squalane in a CFSTR that is equivalent in form to that of gas phase hexane. A similar analysis was used by Guo and Kamens to measure the heterogeneous photoxidation of particle bound polycyclic aromatic hydrocarbons in a CFSTR. 26, 27 Fig . 4 shows the decay of squalane and hexane during the reaction period each fit to the offset exponential decay of the form shown in Eqs. (7) and (8) . Squalane and hexane do not decay to zero but rather approach a constant value that reflects the characteristic of the continuous flow operation, in which new squalane and hexane are continually introduced into the CFSTR during the reaction. In Eqs. (7) and (8) As a check of the overall method and assumptions described above a test experiment is conducted to measure the rate constant (k but ) for the n-butane + OH reaction. The experimental setup is similar to the one described above, except that butane (~ 225 ppb) is used instead of squalane aerosol. The total flow is maintained at 1 slm, consisting of 0.1 slm O 2 , 0. ⋅sec -1 (at 295K). 36 This result thus confirms that the overall method can be used to reliably obtain rate constants for OH oxidation reactions.
As emphasized above, the offset in the decay of squalane and hexane, shown in Figs. 4 and 5, is due to the continuous introduction of these species into the CFSTR during the reaction.
Additional experiments are conducted in a slightly different mode to broadly explore the operation of the CFSTR described here. After the normal filling process, the hexane and aerosol flows into the chamber are turned off and replaced with particle free nitrogen at the start of the chemical reaction. (9) for the time evolution of squalane particles during the reaction period. The same exponential form can also be found for hexane:
Here the analytical expression for the decay of squalane and hexane is much simpler with the exponential form decaying to zero. In this case, the decay of hexane and squalane as a function of time is due both to the reaction with OH and from dilution since the incoming flow contains no hexane or squalane. This approach could be a more precise way to examine any changes in particle size during the course of the reaction without the influence of new particles entering the reactor. However, for the experiments reported here the particle size distribution measured by both approaches is found to remain constant to within 10% over the course of the reaction. Fig. 6 shows the decay of squalane as a function of OH concentration observed during the reaction period using both experimental approaches. The results are fit using the appropriate exponential forms as outlined above. In Fig. 6(a) , as expected, the rate of squalane decay increases with increasing OH concentration. In addition, the decrease in the observed offset in the squalane decay with increasing OH concentration reflects the increase in Sq k ′ as predicted by Eq. (7). In the alternative experimental approach (Fig. 6(b) ), (where squalane and hexane are 17 turned off during the reaction) squalane decays exponentially to 0 as predicted by Eq. (9). The second order rate constant for the reaction squalane + OH is computed from each experiment as outlined above and shown in Table 1 .
Two important assumptions are made in the determination of the OH concentration. The first assumption is that OH will only react with hexane. This assumption was verified by comparing the calculated OH concentration with the modeled OH concentration using a kinetics
program. 28 The model verified that 99% of the hexane is lost to the reaction with OH. The second assumption is that the OH concentration in the reactor is uniform. This may or may not be the case because the OH concentration is likely to be higher near the UV lamps where the ozone photolysis rate is the highest. The distribution of OH radicals within the ~150L chamber volume therefore may not be perfectly uniform. However, it is likely that the spatially averaged OH concentration inside the chamber remains constant throughout the course of an experiment since the relative humidity, O 2 and lamp power are fixed during the reaction. With the particles and hexane well mixed inside the reactor, on average, the particles and hexane exiting the reactor will both sample the same constant average OH concentration over the course of the reaction.
This average OH concentration therefore can be taken to be approximately equivalent to a uniform OH distribution inside the reactor. The test with n-butane described above provides further evidence that any non-uniformity in the OH distribution inside the CFSTR does not lead to large errors in the calculation of the reaction rate coefficients reported here.
C. Determination of the Reactive Uptake Coefficient
The reactive uptake coefficient (γ) for the OH oxidation of squalane particles, in the presence of O 2 , can now be determined from the second order rate coefficients k Sq shown in 18 28 where γ is defined as the fraction of OH collisions with squalane in the particle that lead to reaction.
where D is the mean surface area-weighted particle diameter obtained from the SMPS, ρ 0 is the initial squalane particle-phase density (ρ 0 = 0.8 g⋅cm -3 ), N A is Avogadro's number, c is the mean speed of OH molecules and M Sq is the molar mass of squalane (422 g/mole). Eq. (11) assumes that the squalane in the particles is consumed only by the reaction with OH and that the loss rate of gas phase OH is equal to the loss rate of squalane. The particle density is assumed to be constant during the reaction and taken to be that of squalane (0.8 g/cm 3 ). Volatilization is also neglected since it was found that over the OH concentration used here the particle diameter remains constant during the course of the reaction with an average value of D = 220 ± 20 nm. Table 1 shows the calculated values of γ, obtained from the data shown in Fig. 6 , using
Eq. (11). The average reactive uptake coefficient computed from these measurements is 0.51 ± 0.02 where the stated error represents one standard deviation calculated from the five seperate measurements of gamma shown in Table 1 . This error does not include uncertainties in the OH concentration. To account for these we use the 20% uncertainty in the rate constant (k hex ) of nhexane + OH as reported by Atkinson et al. 32 to obtain γ = 0.51 ± 0.10. Due to unknown amounts of secondary chemistry, 39 the reactive uptake coefficient reported here is not corrected for gasphase diffusion.
D. The Formation of Oxidation Products in a CFSTR
19
In addition to the decay of squalane, oxidation products are formed and evolve over the course of the reaction in the CFSTR. Figs. 7 and 8 show the squalane decay and the evolution of the first three oxidation products using both experimental approaches (with and without offset as explained above). The products are monitored using the three peaks with the strongest signals in the product spectra: m/z = 436 (SqO) and m/z = 450 (SqO 2 ), and m/z = 464 (SqO 3 ), which correspond to the addition of one, two and three oxygenated functional groups to squalane, respectively. 28 The ion signals are normalized to account for any changes in the photon flux.
The general mechanism for the reaction of OH with gas-phase hydrocarbons (including simple organic aerosols) has been proposed previously. To examine whether this sequential oxidation model correctly describes the chemistry of product formation at the lower OH concentration and longer reaction times reported here, this model is incorporated into the equations that govern the chemistry and flow dynamics of the CFSTR. The expression for the time evolution of the first oxidation product, SqO (squalane + one O atom), can be derived from a differential equation similar to squalane parent:
The first term in Eq. (15) accounts for the formation of SqO by the reaction of squalane with OH (i.e. Eq. (12)). The second term accounts for the loss of SqO to the reaction with OH to form SqO 2 as shown in Eq. (13) . The last two terms account for the quantity of SqO in the flow exiting the reactor and lost to the reactor walls, respectively. This is a first-order linear differential equation and can be solved using a general method. The solution to this equation is:
The same process is applied to find the expressions for subsequent oxidation products.
The general analytical expression for the time evolution of the oxidation products (including squalane) in a CFSTR is: To describe the experimental data shown in Fig 7, Eq. 17 is simplified to: (18) where B n and D n are adjustable parameters used in place of the terms in Eq. (17) to account for differences in VUV photoionization cross sections and fragmentation patterns of squalane and its oxidation products.
In the alternative approach, in which no hexane or squalane is introduced into the CFSTR during the reaction, the general analytical expression for squalane oxidation simplifies to:
where the adjustable parameter G n is added to the expression to account for differences in VUV photoionization cross sections and fragmentation patterns of squalane and its oxidation products. 22 Using Eqs. (18) and (19) the time evolution of the first three oxidation products (SqO, SqO 2 and SqO 3 ) are fit by first fixing Sq k to the second order rate coefficient obtained from the decay of squalane (Eq. (9)). The least squares fit of the model to the experimental data is then obtained by adjusting two parameters B n and D n for the exponential decay with an offset (shown in Fig. 7) , or by adjusting a single parameter G n for the exponential decay with no offset (shown in Fig. 8 ). With a single Sq k , as assumed in the sequential oxidation model, the time evolution of the squalane parent peak and its first three oxidation products can be reproduced by the oxidation model. These results confirm that even at these lower OH concentrations the sequential oxidation model proposed by Smith et al. 28 accounts for the overall chemical transformation of the particle.
This model predicts that one O atom is added per reactive loss of squalane, and that squalane reacts via the same rate coefficient as its oxidation products. This could imply that there are not significant differences in the overall chemistry occurring at high and low OH concentrations.
However, as will be discussed below, the absolute rate of the heterogeneous reaction, measured via the particle phase loss of squalane, does indeed depend upon the OH concentration.
The reactive uptake coefficient (γ = 0.51 ± 0.10) for the heterogeneous reaction of OH with squalane reported here, using a CFSTR, is well within the range, γ = 0.2 to 1, found in earlier experiments. [8] [9] [10] [11] 18 However, we previously measured a smaller reactive uptake coefficient (γ = 0.3 ± 0.07) for the OH + squalane reaction in a flowtube system using [OH] ~ 1 x 10 10 molec⋅cm -3 . 28 Although the sequential oxidation model correctly describes the chemical evolution of reaction products in both the flowtube and CFSTR reactors, it is found that at low
[OH] the loss rate of squalane in the particle appears to accelerate. For the reactive uptake coefficient to depend on the average [OH] in this way would suggest an additional loss channel for squalane. For example, the primary heterogeneous reaction forms radical intermediates (e.g. 23 RO 2 and RO) that can in principle abstract a hydrogen atom from a neighboring molecule, thus opening a secondary loss channel for squalane in the particle phase. The influence that these secondary loss channels have on the measured uptake coefficient should depend upon the secondary loss rates relative to the primary OH abstraction rate. For example, at high OH concentration squalane loss may be dominated by the direct reaction with OH thereby obscuring the presence of secondary chemistry. A detailed chemical mechanism that accounts for both the secondary abstraction reactions and the potential photochemistry of reaction intermediates is currently under investigation and will be explored in a forthcoming publication. 39 Finally, it is in principle possible to solve for the general case in which the reaction rate coefficient of the parent molecule is different than that of its subsequent oxidation products. This case might be more appropriate for systems where the parent hydrocarbon exhibits a much different reactivity towards OH than its oxidation products. The general mathematical solution for this case in the CFSTR is extremely complicated and thus is not explicitly considered at this time.
IV. CONCLUSION
Using the OH oxidation of squalane particles as a proxy, this paper demonstrates the use of a new analytical approach to quantify the reactive uptake coefficient of OH radicals on organic particles in a CFSTR. This method is a simple and reproducible way to quantify heterogeneous reactions over many hours at well-controlled OH concentrations. Although the
[OH] used in this paper is still higher than that of the atmosphere, (~ 10 6 molec·cm -3 ), in principle, lower [OH] and longer reaction times can be readily obtained. For example, lower
[OH] can be reached by reducing the UV lamp power, or decreasing the relative humidity inside 24 the reactor. Longer reaction times can be achieved by reducing the flow rate (F) or by using a larger volume CFSTR to obtain the desired oxidation conditions.
The general analytical solution for the time-dependent evolution of both parent and squalane oxidation products in the particles are derived. The results found here support our earlier sequential oxidation model in which one oxygenated functional group is added per the reactive loss of squalane. We again verify that the reaction of subsequent oxidation products with OH, within our experimental error, can be described by the same rate coefficient as that of main squalane + OH reaction. into a mass concentration using a density of 0.8 g/cm 3 . The data are fit (solid lines) using Eq. (2) for squalane and Eq. (3) for hexane. 
